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Abstract
This paper describes a three-dimensional numerical model that is used to predict the transient thermal behaviour of
the metal injection system of a hot chamber pressure die casting machine. The behaviour of the injection system is
considered in conjunction with that of the die. The Boundary Element Method (BEM) is used to model the transient
thermal behaviour of the injection system elements and the die blocks. A perturbation approach is adopted. By
adopting this approach, only those surfaces over which a significant transient variation in temperature occurs need be
considered. The model assumes that a corresponding steady-state analysis has first been performed so that time-av-
eraged thermal information is available. A finite element based technique is used to model the phase change of the
liquid metal in the die cavity and in the injection system. At injection the nozzle and die are assumed to be instantly
filled with liquid metal, however, a procedure is presented that attempts to model the heat transfer associated with the
flow through the nozzle, gate, and runner regions during injection. Model predictions are compared against thermo-
couple readings and thermal images obtained from experimental tests. Good agreement is obtained between predicted
and measured temperatures. The transient thermal behaviour of an existing hot chamber injection system is investi-
gated in detail and recommendations for improved performance are made. In an attempt to improve the solidification
pattern of the casting and the thermal behaviour of the injection system, a redesign of the experimental die is con-
sidered. The numerical predictions indicate that the redesign will have a beneficial eect on the solidification pattern of
the casting, and on the performance of the injection system. Ó 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction
The function of the injection system of a die casting machine is to deliver molten metal into the
die cavity at the required speed and temperature and then once the cavity is full, to maintain
pressure until solidification is complete. Modern hot chamber machines generally employ a
pneumatic or hydraulic injection pump mechanism and are used for casting low melting point
alloys such as those of zinc. The relatively low pressures generated by hot chamber machines
(typically, up to 35 MPa) eectively limits the process to the casting of small components.
Fig. 1 shows the metal injection system of a hot chamber pressure die casting machine
currently in use in the UK die casting industry today. The system consists of a pneumatically
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controlled plunger positioned inside a gooseneck formation submerged in molten metal in a pot.
The gooseneck is connected to an injection nozzle by a connecting piece or adaptor. Heating is
provided around the adaptor by means of a heater band in an attempt to control the adaptor and
nozzle temperatures in this region. The nozzle contacts the die along the split line between the die
blocks. Typically, the die consists of 2–4 members which move in slideways on the crosshead of
the machine. The highly automated casting process is carried out rapidly and repeatedly. The dies
start from ambient temperature and after a number of cycles the temperature variation within the
dies and the injection system elements becomes cyclic in nature.
It is widely acknowledged [1,2] that the injection system is generally very sensitive to system
parameters and that the range of the parameters over which the system performs adequately can
be narrow. In certain circumstances the injection system may actually be the limiting factor on the
speed of operation of the machine. Injection temperature, pressure, and fill time are three im-
portant parameters which can aect the performance of the injection system, die and casting.
Problems can occur under certain circumstances if elements of the injection system are too cold or
too hot, for example, if the nozzle and/or connecting piece are cold prior to injection then the
system may fail to inject. It is also important for the metal between the injection cylinder and the
nozzle to remain molten during injection and the subsequent solidification of the casting prior to
ejection to ensure that the applied pressure is maintained/intensified during this period.
The transient interaction between the die and the nozzle is particularly important when con-
sidering the solidification of the component. It is generally acknowledged [1] that it is advanta-
geous for the solidification front to progress up the gate and runner last, finally ending a short
way into the nozzle. If this can be achieved then the applied static pressure will be transmitted
more eectively for a longer period, porosity will be reduced, gross shrinkage avoided, and a clean
Fig. 1. Hot chamber injection system.
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ejection of the component obtained. For many small castings produced on hot chamber machines
it is doubtful whether this solidification pattern is in fact being achieved.
The authors are at present unaware of any published material on thermal modelling of hot
chamber injection systems in the pressure die casting process. Attempts to model cold chamber
injection systems have concentrated on the prediction of temperature distribution and defor-
mation in the shot sleeve [3]. Researchers have, to date, focused on simulating the thermal aspects
associated with cavity fill, the solidification of the component, and the heat conduction problem
within the die blocks [4]. A three-dimensional numerical model for modelling the steady-state or
time-averaged thermal behaviour of the hot chamber injection system depicted in Fig. 1 was
presented in Ref. [5]. The model is primarily concerned with predicting die, nozzle and adaptor
temperature and is limited in that the manner in which the casting and the melt in the injection
system solidifies is not considered. This paper presents a transient model of the hot chamber
injection system depicted in Fig. 1. A full transient analysis of the injection system and die enables
solidification patterns to be examined and the thermal balance of the injection system, die and
casting to be assessed. The model is coupled to a transient model of the die and casting. The
transient die model is based on the model presented by Davey and Hinduja [6]. This model has
subsequently been extended by Bounds [7] to include the solidification of the casting. In Section 2,
the equations governing the thermal behaviour of the injection system, die and casting are pre-
sented. Section 3 gives more details about the modelling approach taken. Section 4 describes the
boundary conditions applicable over the various surfaces of the model. Section 5 describes the
transient boundary element formulation utilised for modelling the thermal behaviour of the in-
jection system elements and the die blocks. Section 6 describes the FE solidification algorithm
employed for modelling the phase change of the casting and the injection system melt. Energy
considerations are the subject of Section 7; techniques are presented that enable the rapid tem-
perature changes which occur during and shortly after injection to be modelled without having to
use a restrictively small time step. In addition, this section deals with the overall strategy adopted
for solving the cyclic thermal problem. Ecient solution schemes for solving the coupled FE/BE
system are discussed in Section 8. Numerical predictions obtained from the model are compared
against experimentally obtained data in Section 9. The thermal behaviour of an existing hot
chamber injection system is discussed in detail in Section 10. Recommendations are made for
improving the performance of this system.
2. Governing equations
Fig. 2 shows a typical two-slide die and component, and the nozzle, adaptor, and heater band
of the injection system. The problem is split into zones naturally with the die blocks, component,
nozzle, adaptor, heater band, and the nozzle and adaptor melts defined as separate zones or
domains. The cyclic nature of the pressure die casting process enables injection system and die
temperatures to be considered to be made up of two components: a time independent and a time
dependent component. The actual temperature within domain i;Wi~x; t, may then be expressed as
Wi~x; t  Ti~x  Ti~x; t in Xi X s; 1
where Ti~x is the time independent component, defined to be the steady-state or time-averaged
temperature for the cycle and satisfies either Laplace’s equation or Poisson’s equation depending
on whether there is heat generation within the domain. Ti~x; t is the time dependent component,
which is considered to be the perturbation of temperature about the steady-state value; this
component satisfies the parabolic heat equation [8]




in Xi X s: 2
If conduction is assumed to be the predominant heat transfer mechanism during the solidification
of the component and during the solidification/remelting of the metal in the nozzle and adaptor
channels, and adopting a capacitance based method to model the phase change, then the gov-




in Xi X s; 3
where the eective heat capacitance ci is used to account for the latent heat.
Fig. 2. Two-slide die, component and injection system.
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3. Modelling approach
This paper is concerned with the calculation of the perturbation temperatures for the die and
injection system and the transient temperatures for the solidifying melt in the die, nozzle and
adaptor channels. A perturbation approach is taken since this simplifies the transient problem
somewhat as the surfaces over which transient temperature variations are small can be neglected.
This in turns means smaller systems of equations resulting in shorter system formulation and
solution times and reduced storage requirements. The perturbation temperatures on the cooling
channel, outer die, adaptor, heater band, and over most of the die block interface surfaces are
approximately zero and therefore these surfaces need not be considered in a perturbation analysis.
Note however, that the influence of these surfaces comes in indirectly through the predicted
steady-state temperature field terms present in the perturbation boundary conditions (see the
following section). A steady-state analysis [5] of the system must be performed before a pertur-
bation analysis can be initiated. Although an additional computational cost is incurred by per-
forming a steady-state analysis first, useful information is itself gained from such an analysis [5,9].
Often, a steady-state analysis alone is sucient; it is only when potential casting problems are
indicated that a more demanding perturbation analysis is performed.
The transient (perturbation) behaviour of the die blocks and nozzle is modelled using a
boundary integral formulation of Eq. (2). A finite element formulation of Eq. (3) is employed to
model the solidification of the component and the solidification/remelting of the melt in the nozzle
channel. At injection the nozzle and die are assumed to be instantly filled with liquid metal,
however, an attempt is made to model the heat transfer associated with the flow through the
nozzle, gate, and runner regions during injection.
4. Boundary element model boundary conditions
This section describes the perturbation boundary conditions applicable over the various sur-
faces of the die blocks and the nozzle. Only the surfaces over which a transient variation of
temperature occurs are considered. The perturbation boundary condition (qpi ) can be related to
the actual (qi) and the steady-state (qi) boundary conditions by the following equation
qpi ~x; t  qi~x; t ÿ qi~x: 4
The actual transient boundary conditions applicable over the surfaces of the model shown in
Fig. 2, are of the form
qi~x; t  h~x; tWs~x; t ÿWi~x; t; 5
where Ws~x; t  Ts~x; t  Ts~x is the temperature of the surrounding medium and h~x; t is the
heat transfer coecient. Further boundary condition details are given in Table 1.
The steady-state boundary conditions are obtained by evaluating, for each surface of the




qi~x; t dt  1tv
Ztv
0
h~x; tWs~x; t dt ÿ 1tv
Ztv
0
h~x; tWi~x; t dt; 6
where tv is the casting cycle time. A more detailed derivation of the steady-state boundary con-
ditions for the various surfaces of the model can be found in Refs. [5,9]. Substitution of the
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steady-state and actual boundary conditions into Eq. (4) enables, after some algebraic manipu-
lation, the perturbation boundary conditions to be written in terms of perturbation temperatures
[9].
5. Formulation of the transient (perturbation) boundary element equations
The boundary integral formulation of the parabolic heat Eq. [17] for a domain i, which is
assumed to be homogeneous and to have isotropic and temperature independent thermal prop-




















where Ti0 and t0 are the initial temperature field and time respectively, and where, for the three-
dimensional case
T 0 ~x; t;~x0; t00  4pait ÿ t00
 ÿ3=2
exp ÿ r2=4ait ÿ t0
 
; t > t0:
The transient surfaces of the model are discretised with isoparametric linear triangular elements.
An ecient domain integral approximation technique is employed to advance the solution in time
[18]. This procedure bounds the number of time intervals integrated over to a predefined value,
M. Adopting this procedure and assuming that temperature and flux vary linearly over each time






































 dt0dC~x0 v > M; 8
where Dj is the area of element j, gm are temporal shape functions, /‘ are spatial shape functions,
Tim‘ are nodal temperatures, q
p
im‘ are nodal fluxes, and T

M  pMjÿ3=2 expÿr2=Mj, with
j  4aitv ÿ tvÿ1. Note, for v6M the procedure is identical to the well known convolution ap-
proach [19]. By choosing the initial conditions to be the steady-state temperature field domain
discretisation can be completely avoided [9].
Table 1
Boundary condition information
Surface Time period Heat transfer coecient h~x; t Surrounding medium
temperature Ws~x; t
Nozzle/melt & adaptor/melt channels Cmij  06 t6 tf‘; tf‘ < t6 tv hf‘x [10], hstx [9,11] Wj~x; t; Wj~x; t
Outer surfaces Coi  06 t6 tv hox [12–15] Ta~x
Heater band/adaptor & adaptor/nozzle
interface surfaces Cahij &Cnaij 
06 t6 tv hpx [16] Wj~x; t
Die block & die/nozzle tip interface surfaces
Cdij&Cndij 
06 t6 tp; tp < t6 tv hpx [16], hox [12–15] Wj~x; t; Ta~x
Die cavity/component interface Ccij 06 t6 tc; tc < t6 tv hcx [7], hox [12–15] Wj~x; t; Ta~x
Nozzle melt/component interface Cmmij  06 t6 tc; tc < t6 tv hmmx [9], hox [12–15] Wj~x; t; Ta~x
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6. Finite element solidification model
The technique utilised to model the phase change of the component and the melt in the nozzle
channel is a fixed grid technique similar to both the enthalpy and eective heat capacitance
methods and termed the Modified Eective Capacitance Method. This technique was developed
by Bounds et al. [20]. The governing partial dierential equation for this problem is the parabolic
heat Eq. (3).
In the modified eective capacitance method the capacitance ci is used to account for the latent
heat and is calculated by solving non-linear equations that describe the energy loss for an element.
The temperature field and energy loss are coupled providing a very stable procedure. In calcu-
lating ci account is taken of variations in both time and space. Linear tetrahedral elements are
employed; this enables ecient and accurate analytical integration to be employed in the calcu-
lation of ci . It has been demonstrated [20] that even for relatively large time steps the technique
can predict temperature fields and energy losses to a high degree of accuracy. The main advantage
of the method is that for a given temperature field the energy released by each element, including
latent heat, is exact regardless of the element size and the time step used.



















N‘ohi=ot dX  cie
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Xe





N‘NmdX;N‘ and Nm are shape
functions for tetrahedral elements, hi is the volumetric enthalpy, and cie is the capacitance of
element e. The elemental heat capacitance cie is chosen to satisfy the following expression
DHie  cieDWie, where DHie 
R
Xe
hin1 ÿ hin dX and DWie 
R
Xe
Win1 ÿWin dX. Choosing cie in
this manner ensures that the temperature and enthalpy fields are consistent and therefore that the
energy lost by the elements equals the heat loss at the boundary of the domain; this is not nec-
essarily the case with other heat capacitance methods. The modified eective capacitance method
can be used to model various classes of solidification phase change including isothermal solidi-
fication and mushy solidification with a linear or non-linear variation of liquid fraction [20].
7. Energy considerations
7.1. The eects of flow in the nozzle, gate and runner regions
During injection, runner, gate and nozzle temperatures rise rapidly as hot liquid metal flows
from the holding chamber of the injection system into the die cavity. An attempt is made to
account for the eects of flow by adopting the following approach. The transient boundary el-
ement formulation is used to predict the gate, runner and nozzle channel surface temperatures
over the flow period by assuming that the liquid metal stream is maintained at the pot temper-
ature during injection. The fill time tf‘ is divided into a number of subdivisions such that the
assumption of a linear variation of die and nozzle temperature over a subdivision remains valid. A
small time step is required when modelling the injection phase due to the fact that die and nozzle
temperatures are changing rapidly during this period. Over the remainder of the cycle, temper-
atures vary less rapidly and therefore a larger time step is appropriate. Unfortunately, the
boundary element formulation adopted does not allow for variations in the size of the time step
used. It is clearly impractical to employ the time step utilised during flow for the whole cycle as the
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computational requirements would be excessive. To overcome this problem, the rise in the
channel surface temperature in the nozzle, gate and runner regions is assumed to be instanta-
neous. This approach introduces a discontinuity in the die and nozzle temperatures at injection. In
addition, an error is induced in T M and consequently an error is induced in the domain integral in
Eq. (8). By assuming the rise in temperature to be instantaneous, the value for T M used in the
domain integral is, T M  4aipMDtÿ3=2 expÿr2=4aiMDt, where Dt is the value of the time step
used. In reality, the rise in temperature occurs over the fill time, tf‘, and therefore in this case, the
value of T M is actually T

M  4aipMDt  tf‘ÿ3=2 expÿr2=4aiMDt  tf‘. Note, the model sees
only an instantaneous change in temperature; there is no corresponding energy transfer. This
error is reduced by calculating the energy transfer from the melt during injection and then ap-
plying this energy to the nozzle, gate and runner surfaces during the next (larger) boundary el-
ement time step.
7.2. Die cavity and component starting solution
At injection there is also a rapid rise in the die cavity temperature and a simultaneous drop in
the temperature of the melt in the cavity. After this initial period temperatures vary more slowly.
To model the short period during which temperature changes rapidly an approach similar to the
one used to model the eects of flow in the gate, runner and nozzle is employed. The coupled
boundary element – finite element model is used to predict the temperature variation on the die
cavity and the component over the injection period. This initial rise in the die cavity surface
temperature is assumed to be instantaneous. Once again a discontinuity in temperature is in-
troduced and a small error is induced in the domain integral in Eq. (8). The energy transfer from
the component to the die during the initial period is calculated; this is then applied to the die
cavity surface during the next (larger) boundary element time step. Note, the starting solution
described above is applied to the gate, runner and the nozzle after application of the procedure
designed to take into account the eects of flow in these regions.
7.3. Solution of the cyclic problem
The overall solution procedure for the linked die and injection system thermal problem is as
follows.
(i) A linked die and injection system steady-state analysis is first performed [5]. The energy
released by the melt whilst in the die is estimated and an averaged die – melt heat transfer
coecient is calculated to ensure that this energy enters the die over the casting cycle. Pois-
son’s equation is used to model the flow of heat through the component.
(ii) A coupled boundary element and finite element die and injection system transient analysis
is then performed over one casting cycle. In general, there will be a discrepancy between the
energy entering the die as calculated from the transient analysis and the energy entering the
die as calculated by the steady-state analysis.
(iii) To correct the energy discrepancies between the steady-state and transient analyses a fur-
ther steady-state analysis is performed but with the following time-averaged heat flux, calcu-




hcWj~x; t ÿWi~x; t dt 
R tv
tc
hoTa ÿWi~x; t dt
tv
on Ccij: 10
A second transient analysis must then be performed due to the fact that the steady-state
temperatures and associated energy transfers have been corrected and also because the
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temperature distribution on the die blocks and the nozzle at the beginning of the analysis is
initially unknown.
(iv) In practice, a number of transient cycles must be analysed until stable cyclic thermal con-
ditions are obtained. After each transient cycle a steady-state analysis is performed.
Note, in the first time step following a recalculation of the steady-state temperatures the per-
turbation temperature term in the domain integral in Eq. (8) must be corrected [9].
8. System solution strategies
Ecient iterative schemes have been developed for solving the systems of equations generated
from a transient analysis of the die and injection system [9]. The problem is complicated some-
what due to the fact that the component and nozzle melt domains produce finite element equa-
tions whereas the other domains produce boundary element equations. The problem is handled in
an ecient manner. No attempt is made to directly couple the finite element and boundary ele-
ment equations. The finite element zones are simply treated as additional domains, linked to other
domains in the model via boundary conditions. A Block Gauss–Seidel scheme is employed for
iteration between the domains. Ecient iterative techniques are then employed to solve the
systems of boundary [21,22] and finite [23] element equations within individual domains (blocks).
An iterative scheme is also employed to solve the non-linear solidification problem in the com-
ponent and nozzle melt [20].
Fig. 3. Position of the nozzle thermocouple used in the experimental tests. All dimensions in mm.
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9. Experimental work and model validation
Extensive experimental work was carried out on the industrial hot chamber die casting ma-
chine depicted in Fig. 1. K-type (Chromega–Alomega) sheathed thermocouples were employed to
measure temperatures at five positions within the injection system. Figs. 3 and 4 give the precise
locations of the thermocouples. The sampled thermocouple signals were particularly noisy and so
a low-pass filter was employed to remove the high frequency noise from the signals.
A two-slide die was utilised for the tests. The component impression is contained within one
block, whilst the other block forms the flat side of the cavity. An arrangement of three cooling
channels is used to cool the two die halves. The component is cast from a zinc alloy (Zamak 5),
and consists of three sections of dierent thickness. Eight J-type sheathed 0.25 mm diameter fast
Fig. 4. Position of the adaptor thermocouples used in the experimental tests. (a) Side view. (b) Top view.
264 I. Rosindale, K. Davey / Appl. Math. Modelling 23 (1999) 255–277
response thermocouples, fed through holes machined into the die block containing the flat side of
the cavity, were used to measure component surface temperatures between injection and ejection.
In addition, eight J-type sheathed 0.5 mm thermocouples were employed to measure tempera-
tures within the same die block, 2.5 mm from the die cavity surface, at locations directly behind
the 0.25 mm thermocouples. Fig. 5 shows the position of the thermocouples in the die and
casting.
Nine experimental tests were performed in total [5,9], of which, four are examined in detail
here. Table 2 indicates the four sets of injection system operating conditions considered. In each
test, thermocouple readings were taken after the thermal cycle had stabilised. Also, for test 1,
readings were taken from the thermocouples on the surface of the component and from those
within the die block. The die operating conditions for test 1 are as follows: die closed time 0.8 s,
melt in die 0.55 s, inlet coolant temperature 16.5°C, coolant flow rate 20 ´ 103 mm3 sÿ1. Physical
Fig. 4. (Continued).
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properties for the injection system elements and the experimental die and component are given in
Table 3. Physical properties for the cooling medium are given in Table 4.
In addition to the thermocouples, an infra-red thermal imaging camera was used to obtain
temperature profiles on the front surface of the nozzle, and on the surrounding surfaces of the
Fig. 5. Position of thermocouples in the experimental component and die.
Table 2
Injection system operating conditions for experimental tests
Test Cycle time (s) Gooseneck forward (s) Injection delay (s) Fill time (ms) Pot setting (°C) Nozzle setting (°C)
1 1.50 0.60 0.15 30 430 470
2 1.60 0.70 0.25 30 430 470
3 1.50 0.60 0.15 30 430 495
4 1.50 0.60 0.15 30 450 470
Additional information: Nozzle, adaptor and heater band materialA.I.S.I.- H13 tool steel; Injection Pressure 15 MPa; Ambient
air temperature 25°C
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adaptor and heater band between shots, when the die blocks were open and the casting had been
ejected. The basic arrangement employed is shown in Fig. 6.
The surface meshes employed for the verification of the steady-state numerical model were
again utilised [5]. In addition to the surface meshes, isoparametric linear tetrahedral elements were
used to discretise the casting and nozzle melt volumes. The component mesh consisted of 9884
tetrahedral elements and 2757 nodes; the nozzle melt mesh, 3888 tetrahedral elements and 949
nodes. Twenty boundary element time steps per cycle were employed, with four finite element
time steps used per boundary element time step. The numerical tests were performed on a SUN
SPARC-10 computer (128 Mbytes RAM, 361 Mbytes SWAP, 4 Gbyte disk).
9.1. Injection system model
The injection system thermocouple measurements obtained from experimental test 3 are shown
in Fig. 7. It can be seen on examination of this figure that, of the five thermocouple locations
considered, only at location 1, in the nozzle, close to the tip, is there a significant transient
variation of temperature over a casting cycle: approximately 20°C. The transient cyclic temper-
ature variations are less than 3°C at thermocouple locations 2–5, in the adaptor. These results are
typical of the thermocouple measurements obtained in the experimental tests; they validate, to a
certain extent, the modelling approach adopted, wherein only the nozzle is included in the per-
turbation model of the injection system.
In Fig. 8, the readings obtained from the nozzle thermocouple (thermocouple 1) during
experimental tests 1–4 are presented along with the predictions obtained for experimental tests 2
and 4. The comparisons are made over a single ‘steady’ casting cycle. In the plots, time t 0 s
Table 3
Physical properties for the injection system, experimental die and component
Material
A.I.S.I.-H13 tool steel Zinc alloy Zamak 5
Thermal conductivity – solid (W/m°C) 26.2 108.9
Thermal conductivity – liquid (W/m°C) ) 50.1
Specific heat capacitance – solid (J/kg°C) 460 419
Specific heat capacitance – liquid (J/kg°C) ) 505
Density – solid (kg/m3) 7700 6400
Density – liquid (kg/m3 ) 6400
Latent heat of fusion (J/kg) ) 126 ´ 103
Solidus temperature (°C) ) 380.4
Liquidus temperature (°C) ) 386.1
Table 4
Physical properties for the experimental die cooling medium (water)
Coolant (water)
Thermal conductivity (W/m°C) 0.6
Specific heat capacitance (J/kg°C) 4187
Density (kg/m3) 999
Viscosity (Ns/m2) 1.005 ´ 10ÿ3
Viscosity at wall temperature (50°C) (Ns/m2) 0.549 ´ 10ÿ3
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Fig. 6. Arrangement employed for thermal imaging.
Fig. 7. Injection system thermocouple readings for experimental test 3.
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corresponds to the moment when the nozzle first makes contact with the die, prior to cavity fill.
The thermocouple plot takes the same form in each of the four experimental tests considered. The
rapid drop in temperature at the beginning of each plot represents the delay, after the nozzle
contacts the die, before injection commences. After this delay, injection commences and the cavity
is filled. After injection, the nozzle temperature rises slowly until the gooseneck retracts, and the
nozzle breaks contact with the die blocks. The cooling influence of the die is then removed, the
nozzle tip is exposed to air, and as a result, some temperature recovery occurs in the nozzle. On
examination of Fig. 8 it can be seen that, in general, there is good agreement between the ther-
mocouple readings and the predicted temperatures. The numerical model is able to accurately
predict the eects of altering the delay time before injection (test 2), and the nozzle (test 3) and pot
settings (test 4). The major discrepancy between the measured and predicted temperatures occurs
at injection. The nozzle thermocouple was unable to respond quickly enough to the rapid tem-
perature change at injection, and as a result the expected injection temperature peak [24] is absent
from the thermocouple plots.
Fig. 8. Nozzle thermocouple (thermocouple 1) readings and predicted transient temperatures. (a) Measured tempera-
tures. (b) Predicted and measured temperatures.
I. Rosindale, K. Davey / Appl. Math. Modelling 23 (1999) 255–277 269
9.2. Die and component model
In Fig. 9, the readings obtained from three of the die thermocouples during experimental test 1
are compared against the predictions obtained from the numerical model. The higher values on
the thermocouple plots represent the readings obtained from the thermocouples in contact with
the surface of the component. The lower values represent the readings from the thermocouples
positioned within the die blocks, 2.5 mm behind the surface thermocouples. The comparisons are
again made over a single steady casting cycle. In the plots, time t 0 s corresponds to the moment
immediately prior to metal injection. These plots are typical of those obtained in the experiments.
The measured and predicted temperatures compare well at all die locations, the main dierences
are due to the thermocouples on the casting surface being unable to respond quickly enough to
the rapid temperature change at injection.
The measured and predicted temperatures obtained indicate that, at ejection, the thin section
(0.5 mm section) is probably the first region to solidify and the central section (2.5 mm section) the
last. The temperature results for the gate and runner regions indicate that solidification is rela-
tively rapid in these sections.
9.3. Thermal imaging
Fig. 10 shows a thermal image of the front surfaces of the nozzle, adaptor and heater band
obtained for the operating conditions used in experimental test 1. Fig. 11 shows the predicted
temperature profile on the front surfaces of the nozzle, adaptor and heater band at time t 0.9 s
after injection. It can be seen on examination of Figs. 10 and 11 that, in general, good agreement
is obtained between the predicted and measured temperatures. The temperature distribution
obtained is very similar in each case. The predicted temperatures tend to be higher than the
measured temperatures. Discrepancies between the measured and the predicted temperatures can
be attributed to dierences in surface finish, and thermal reflections. Also, it is dicult to specify
the exact point in the cycle, after the die blocks opened, at which the thermal image was captured.
The largest discrepancy between predicted and measured temperatures occurs on the lower
portion of the front surface of the nozzle, below the tip. This region had become contaminated by
liquid metal (zinc alloy Zamak 5), which probably spilled onto the region during the movement of
the gooseneck. The emissivity of this area would therefore have been dierent from the rest of the
nozzle surface.
10. Thermal behaviour and recommendations for improved performance
10.1. Existing thermal behaviour
Table 5 indicates the percentages of the gate/runner and casting in the solid, liquid and mushy
states, at various times, after injection, during the period that the melt is resident within the die, as
predicted by the numerical model. On examination of these results it can be seen that, at ejection
(t 0.45 s), the component is 97% solid, with just 3% of the volume remaining in the mushy state.
The results in Table 5 also indicate that the runner and gate region solidifies quite rapidly. After
the melt has been in the die for 0.225 s, the gate and runner region is completely solid, whereas the
component itself is only 68% solid. Clearly, if some means of delaying solidification in the gate
and runner regions could be found, then this would be beneficial, as the pressure applied by the
plunger would then be transmitted more eectively for a longer period. If this could be achieved,
the porosity of the component would be reduced and some additional metal could be forced into
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Fig. 9. Comparison between die and component thermocouple readings and predicted transient temperatures. (a)
Thermocouple position 7 (runner). (b) Thermocouple position 9 (central section). (c) Thermocouple position 11 (this
section).
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Fig. 10. Thermal image of nozzle, adaptor and heater band front surfaces.
Fig. 11. Predicted temperature profile on the nozzle, adaptor and heater band front surfaces.
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the cavity after injection to compensate for part of the volumetric shrinkage of the component on
solidification.
10.2. Die redesign
As a further attempt to improve the solidification pattern of the casting, a simple redesign of
the die was considered. This involved making the regions of the die that form the gate and runner
as separate pieces which are inserted into the die and then secured in place. The inserts, ap-
proximately 3 mm thick, were considered to be manufactured from the same tool steel as the die.
It was hoped that this redesign would have the desired eect of delaying the solidification of the
liquid metal in the gate and runner regions until just before ejection. Fig. 12 shows the modified
left-hand die block and its insert, the insert being shown separate from the die for clarity. The
steady-state predictions indicate that the insert will have the desired eect of raising the gate and
Table 5
Condition of the gate/runner and component in the die
Time (after injection) (s) Gate/runner Component
% Solid % Liquid % Mushy % Solid % Liquid % Mushy
0.075 49 27 24 30 54 16
0.150 73 10 17 50 30 20
0.225 100 0 0 68 12 20
0.300 100 0 0 81 4 15
0.375 100 0 0 91 1 8
0.450 100 0 0 97 0 3
Fig. 12. Surface mesh for the modified left-hand die block with insert.
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runner temperatures [5]. However, an examination of the transient predictions is required to
determine whether this improvement is sucient to significantly delay solidification.
Table 6 indicates, for the die with inserts, the condition of the component and the gate and
runner regions in the die, as predicted by the numerical model. On comparison of Tables 6 and 5
it can be seen that, making the gate and runner regions as inserts has delayed solidification in
these regions to a considerable degree, whilst having a negligible eect on the solidification pattern
of the component. For the die without inserts, the gate and runner region is completely solid after
0.225 s, whereas for the die with inserts, the gate and runner region is only 60% solid at this point.
At ejection, the gate and runner is 98% solid (see Table 6), indicating that the solidification front
has passed from the gate, into, and through the runner. Turning attention to the injection system,
unlike in the previous case, the die without inserts, no slug of solidified melt forms in the tip prior
to injection, and so no injection problems are foreseen. In addition, the nozzle melt is 100% liquid
until just before ejection. At ejection, a very small slug of solidified metal is present in the nozzle
tip, indicating that the solidification front has passed from the runner into the tip at this point.
The use of inserts in the die has also enabled a lower nozzle temperature setting to be used, 440°C
as opposed to 470°C for the die without inserts.
11. Conclusions
Described in this paper is a three-dimensional numerical model that predicts the transient
thermal behaviour of the metal injection system of a hot chamber pressure die casting machine.
The behaviour of the injection system was considered in conjunction with that of the die. An
ecient perturbation boundary element model was used to model the transient thermal behaviour
of the injection system elements and the die blocks. An ecient, stable and accurate finite element
based technique was used to model the phase change of the liquid metal in the die cavity and in
the injection system. A procedure was presented that attempts to model the heat transfer asso-
ciated with the flow through the nozzle, gate, and runner regions during injection. Model pre-
dictions were compared against thermocouple readings and thermal images obtained from
experimental tests. Good agreement was obtained between predicted and measured temperatures.
The transient thermal behaviour of the existing hot chamber injection system was investigated in
detail and recommendations for improved performance were made. In an attempt to improve the
solidification pattern of the casting and the thermal behaviour of the injection system, a redesign
of the experimental die was considered. The redesign consisted of making the gate and runner
regions of the die as inserts. Indications are that this will have a beneficial eect on the solidifi-
cation pattern of the casting and on the operation of the injection system.
Table 6
Condition of the gate/runner and component in the die for the die with the inserts
Time (after injection) (s) Gate/runner Component
% Solid % Liquid % Mushy % Solid % Liquid % Mushy
0.075 24 47 29 30 54 16
0.150 39 30 31 50 29 21
0.225 60 15 25 69 12 19
0.300 77 5 18 82 4 14
0.375 88 1 11 92 1 7
0.450 98 0 2 98 0 2
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Nomenclature
C solid angle/4p
c apparent or eective heat capacity (J/m3 °C)
Eit number of linear triangular surface elements (domain i)
Hi enthalpy (domain i) (J)
hi volumetric enthalpy (domain i) (J/m
3)
h heat transfer coecient (W/m2°C)
k thermal conductivity (W/m°C)
M number of time integration intervals
N spatial shape or interpolation function, linear tetrahedral element
~n vector normal to surface (outward facing) (m)
q heat flux (W/m2)
q steady-state/time averaged heat flux (W/m2)
qp perturbation heat flux (W/m2)
r Euclidean distance between source point and observation point (m)
t time (s)
T perturbation temperature (°C)
T fundamental solution of the parabolic heat equation
T steady-state/time averaged-temperature (°C)
v time step number
~x position vector (source point) (m)
~x0 position vector (observation point) (m)
Greek symbols
Dj area of surface element j (m2)




a thermal diusivity (m2/s)
/ spatial shape or interpolation function, linear triangular element
g temporal shape or interpolation function, linear triangular element
j 4aiDt m2
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